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Abstract 



In this article, we calculate the electromagnetic form-factor of the vr meson 
with the light-cone QCD sum rules. The numerical value F^{0) = 0.999=b0.001 
is in excellent agreement with the experimental data (extrapolated to the 
limit of zero momentum transfer, or the normalization condition ^^^(O) = 1). 
,J^ . For large momentum transfers, the values from the two sum rules are all 

Mh| comparable with the experimental data and theoretical estimations. 
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1 Introduction 

The TT meson, as both Nambu-Goldstone boson and quark-antiquark bound state, 
plays an important role in testing the quark models and exploring the low energy 
QCD. Its electromagnetic form-factor and electromagnetic radius are important pa- 
rameters, and have been extensively studied both experimentally [H El El HI El El [7j 
and theoretically, for examples, the QCD sum rules [HI El [101 E] , the light-cone QCD 
sum rules [l2l[T31[Tll[l5], perturbative QCD [161 [IH [TH [HI [201 [21] , Schwinger- Dyson 



X ; equation [22l [23l [2l] . et(f. 



c^ I In Refs. [T2l \T3\ [TH [15], the axial-current is used to interpolate the tt meson, 

in Refs.|131 |T3], the radiative 0{as) corrections and higher-twist effects are taken 
into account. In this article, we choose the pseudoscalar current to interpolate 
the n meson and calculate the electromagnetic form-factor of the vr meson with 
the light-cone QCD sum rules. In our previous works, we have studied the vector 
form-factors and scalar form-factors of the vr and K mesons, the form-factors of the 
nucleons, and obtain satisfactory results [251 EEl [271 EH [29] . The light-cone QCD 
sum rules carry out the operator product expansion near the light-cone x"^ ^ 
instead of short distance a; ~ 0, while the non-perturbative matrix elements are 
parameterized by the light-cone distribution amplitudes (which classified according 
to their twists) instead of the vacuum condensates ISOl EH [321 [331 [Ml [35l [36] . The 
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^In Ref . [16J , Radyushkin introduces the distribution amplitude of the tt meson for the first time, 
expresses the form-factor of the it meson in terms of the distribution amplitudes asymptotically, 
and formulates the perturbative QCD parton picture for hard exclusive processes. 



non-perturbative parameters in the light-cone distribution amphtudes are calculated 
with the conventional QCD sum rules and the values are universal |371 [55] . 

The article is arranged as: in Section 2, we derive the electromagnetic form- 
factor Ft^{Q'^) with the light-cone QCD sum rules; in Section 3, the numerical result 
and discussion; and in Section 4 is reserved for conclusion. 

2 Electromagnetic form- factor of the tt meson with 
light-cone QCD sum rules 

In the following, we write down the definition for the electromagnetic form-factor 

where the Jfii^x) is the electromagnetic current and q = P2 — Pi- We study the 
electromagnetic form- factor F-^lq"^) with the two-point correlation function n^(p, q), 

Il^{p,q) = ifd''xe-''^-^{0\T{U0)J^{x)}\7i{p)), 

J,(0) = (i(0)z75M(0) , (2) 

where we choose the pseudoscalar current J7r(0) to interpolate the tt meson. The 
correlation function 11^ (p, q) can be decomposed as 

n^(p,g) = np (p, g) p^ + Hg (p, g) g^ (3) 

due to Lorentz covariance. In this article, we derive the sum rules with the tensor 
structures p^ and g^, respectively. 

According to the basic assumption of the current-hadron duality in the QCD sum 
rules approach [371 [38], we can insert a complete series of intermediate states with the 
same quantum numbers as the current operator J7r(0) into the correlation function 
n^(p, g) to obtain the hadronic representation. After isolating the ground state 
contribution from the pole term of the tt meson, the correlation function n^(p, g) 
can be expressed in the following form, 

n/.p,g = 7 r^^ ^ — ^^^P^^ + 

{my, + md) [mi - [q + pY\ 



(m„ + rud) [ml - (g + p^] 

where we introduce the indexes p and g to denote the electromagnetic form-factor 
from the tensor structures p^ and g^ respectively, and we use the standard definition 
for the decay constant f.„, 

Uml 



(0|J.(0)|7r(p)) 



mu + md 



In the following, we briefly outline the operator product expansion for the corre- 
lation function 11^ (p, q) in perturbative QCD theory. The calculations are performed 
at the large space-like momentum regions P^ = —{q + p)"^ ^ and Q^ = —q^ ^ 0, 
which correspond to the small light-cone distance x^ ~ required by validity of the 
operator product expansion approaclo. We write down the propagator of a massive 
quark in the external gluon field in the Fock-Schwinger gauge firstly ^39j, 



{Q\T{q,{x,)q,{x2)m=i 



d'^k 



{2n) 



—ik(xi—X2) 




1 

A"- 

vix^ - X2rY] ] , (5) 
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k"^ — m 

where the G°^ is the gluonic field strength. Substituting the above u and d quark 
propagators and the corresponding vr meson light-cone distribution amplitudes into 
the correlation function Ilfj^{p,q), and completing the integrals over the variables x 
and k, finally we obtain the representation at the level of quark-gluon degrees of 
freedom, 

n,(p,g) = e„n^(p,g) + erfnf(p,g), (6) 

the explicit expressions of the Il'^{p,q) and Ilf{p,q) are given in the appendix. In 
calculation, we have used the two-particle and three-particle light-cone distribution 
amplitudes of the vr meson |30l|3ll[32l[33l[3a[39lll0ll3Illl2lll3],the explicit expres- 
sions of the light-cone distribution amplitudes are also presented in the appendix. 
The parameters in the light-cone distribution amplitudes are scale dependent and 
estimated with the QCD sum rules [3niEIlE21E31[MlESllinillIlll21ll3]. In this 
article, the energy scale ft is chosen to be /i = 1 GeV. 

We take the Borel transformation with respect to the variable P^ = —{q+pY fo^' 
the correlation functions 'n.p{p,q) and ng(p, g). After matching with the hadronic 
representation below the threshold, we obtain the following two sum rules for the 
electromagnetic form-factors F^{q^) and F!^{q^) respectively. 



^In the frame where the tt meson has a finite 3- vector | p | ^ /i, /i^ <C Q^, the p^ and q^ can 
be approximated as p^ = (^m^ 4-/^^,0, 0,/i) « (^,0,0,^) and q^ = (^,0,0,-^/(^)2 + Q2 j ^ 

(^,0,0, ^ + ^j, where ^ -- f, we obtain the relation g^ < and (p + g)^ < 0. q- x ^ 

qoxo — <Z3a^3 ~ 4- (3^0 — 2^3) — £^2:3, we take the values xq — X3 ~ j^ and 0:3 '^ j- to avoid strong 
oscillation, x^ ^ -rkj ^ 0. For more details, one can consult Ref.[5S] 
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where 



rrig + m(1 — u)m'l ~ {^ ~ ^)(f 



uM^ 



1 1 
m^ — q 

so-q^ 



Q{x) = lforx>0, (9) 

and the Sq is threshold parameter. 

3 Numerical result and discussion 

The input parameters of the hght-cone distribution amphtudes are taken as A3 = 0.0, 
/s^ = (0.45 ± 0.15) X 10-2 GeV^ wg = -1.5 ± 0.7, u^ = 0.2 ± 0.1, ai = 0.0, 
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Figure 1: The Fp{Q^){A) and F^{Q^){B) with the parameter M^ = 1 GeV^ 



02 = 0.25 ± 0.15, a4 = 0.0, 774 = 10.0 ±3.0 [30l[3ll|32l[33l|32[39lll0llillll2lll3]; 
and ruu = rrid = rUg = (5.6 ± 1.6) MeV, U = 0.130 GeV, m^ = 135 MeV. The 
threshold parameter is chosen to be Sq = 0.8 GeV^, which can reproduce the value 
of the decay constant /jr = 0.130 GeV in the QCD sum rules. 

In this article, we take the values of the coefficients Oj of the twist-2 light-cone dis- 
tribution amplitude (pn{u) from the conventional QCD sum rules [40l|43]. The (P-k{u) 
has been analyzed with the light-cone QCD sum rules and (non-local condensates) 
QCD sum rules confronting with the high precision CLEO data on the 77* -^ n^ 
transition form- factor [HI HSl HHl H?! HH |l9]. We also study the electromagnetic 
form-factors Fp{Q'^) and F^{Q^) with the values 02 = 0.29 and 04 = -0.21 at /i = 1 
GeV, which are obtained via one-loop renormalization group equation for the cen- 
tral values 02 = 0.268 and a^ = —0.186 at /i^ = 1.35 GeV^ from the (non-local 
condensates) QCD sum rules with improved model [15] . 

The Borel parameters in the two sum rules are taken as M^ = (0.8 — 1.5) GeV^, 
in this region, the values of the electromagnetic form-factors F^((5^) and F!^{Q'^) are 
rather stable. In this article, we take the special value M^ = 1.0 GeV^ in numerical 
calculations, although such a definite Borel parameter cannot take into account some 
uncertainties, the predictive power cannot be impaired qualitatively. 

In the two sum rules in Eqs.(7-8), the dominant contributions come from the 
two-particle twist-3 light-cone distribution amplitudes f^piu) and (/?o-(m) due to the 
pseudoscalar current J-k{x). The different values of the coefficients of the ^-Kiu) ob- 
tained in Ref. [13] and Ref. [19] respectively can lead to results of minor difference. If 
we choose the axial-vector current to interpolate the vr meson, the main contributions 
come from the twist-2 light-cone distribution amplitude (/^^(m) [IZl [TSl [HI, [201 1^ - 
The uncertainties concerning the denominator — ^^ — are canceled out with each 
other, see Eqs.(7-8), which result in small net uncertainties. 
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Figure 2: The numerical values of the form-factors Q^ Fl{Q^){K) and (5^i^^(Q^)(B) 
in comparison with the experimental data [31E1E|, line C corresponds to the central 
values of (5^-^7r(Q^) from the light-cone sum rules with the axial- vector current 



Taking into account all the uncertainties, finally we obtain the numerical values 
of the electromagnetic form-factors F^((5^) and F^(Q^), which are shown in the 
Figs. 1-2, at zero momentum transfer. 



F^(0) = 0.999 ±0.001 
F«(0) = 16.05 ±1.82, 



(10) 



the parameters of the twist-2 light-cone distribution amplitude ^T.iu) obtained in 
Ref. [12] can reduce the values of the form-factors F^^Q'^) and F!^{Q'^) slightly, about 
fl- " 



0. 



Comparing the experimental data (extrapolated to the limit Q^ —>■ 0, or the 
normalization condition Fjr(O) = 1) |I1 [21 [3], HI [5], El [7] and theoretical estimation with 
the vector meson dominance theory [50], our numerical value F^{0) = 0.999 ± 0.001 
is excellent. The value F^{0) = 16.05 ± 1.82 is too large to make any reliable 
prediction, however, it is not un-expected. From the two sum rules, we can see that 
the terms of the F!^[Q'^) are companied with an extra factor -, for example, 

dii. E ^Im^ = / — e ^IaP . 



F^{Q^) oc / du^^e 
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due 



mq'\-u{l — u)m^ — {l — u)q 



where we have taken the asymptotic distribution amplitude ^p{u) = 1. The value of 
the F!^[Q'^) is greatly enhanced in the region of small-Q^ due to the extra -, in the 



limit Q^ = 0, A ^ 0.00004, the dominant contributions come from the end-point of 
the hght-cone distribution amphtudes. We should introduce extra phenomenological 
form-factors (for example, the Sudakov factor [ISIIIH]) to suppress the contribution 
from the end-point. The value of the F^{Q'^) is more reliable at small momentum 
transfers. 

In the light-cone QCD sum rules, we carry out the operator product expansion 
near the light-cone x^ ~ 0, which corresponds to Q^ 2> and P^ ^ 0, the two 
sum rules for the form-factors F^{Q'^) and F!^{Q'^) are valid at large momentum 
transfers. We take the analytical expressions of the F^i^Q"^) and F^(Q^) in Eqs.(7- 
8) as some functions which model the electromagnetic form-factor F^((5^) at large 
momentum transfers, then extrapolate the F^(Q^) and F^IQ"^) to zero momentum 
transfer (or beyond zero momentum transfer) with analytical continuation in hope of 
obtaining some interesting results Q It is obvious that the model functions F^{Cp) 
and F^{Q'^) may have good or bad low-Q^ behaviors, although they have solid 
theoretical foundation at large momentum transfers. We extrapolate the model 
functions tentatively to zero momentum transfer, systematic errors maybe very large 
and the results maybe unreliable. The predictions merely indicate the possible values 
of the light-cone QCD sum rules approach, they should be confronted with the 
experimental data or other theoretical approaches. The numerical results indicate 
that the small-Q^ behavior of the F^(Q^) is better than that of the -F^((5^), so we 
take the value of the Fp{Q^) at Q^ < 1 GeVl 

The electromagnetic form-factors F^{Q'^) and F^{Q'^) are complex functions of 



■*We can borrow some ideas from the electromagnetic 7r-photon form-factor /^.jro (Q^)- The value 
of /^»7r0 (0) is fixed by partial conservation of the axial current and the effective anomaly lagrangian, 
/^.^o(0) = -;^. In the limit of large-Q^, perturbative QCD predicts that f-yTroiQ^) = %t^- The 
Brodsky-Lepage interpolation formula [51j 

/^.^o(Q^) 



TTUil + QyiAir^fi)] nUil + Q^so) 

can reproduce both the value at Q^ = and the behavior at large-Q^. The energy scale so 
(so = 47r^/^ « 0.67 GeV^) is numerically close to the squared mass of the p meson, m^ ~ 0.6 GeV^. 
The Brodsky-Lepage interpolation formula is similar to the result of the vector meson dominance 
approach, /^«^o((5^) = 1/ |7r/7r(l -I- Q^/to^)}. In the latter case, the calculation is performed at 
the timelike energy scale q^ < 1 GeV^ and the electromagnetic current is saturated by the vector 
meson p, where the mass rrip serves as a parameter determining the pion charge radius. With a 
slight modification of the mass parameter, mp — A^^ — 776 MeV, the experimental data can be 
well described by the single-pole formula at the interval Q^ = (0 — 10) GeV^ [52] ■ In Ref. [27j. 
the four form- factors of S ^- n have satisfactory behaviors at large Q^, which are expected by 
naive power counting rules, and they have finite values at Q^ = 0. The analytical expressions 
of the four form-factors /i(Q^), /2(Q^), ffi(Q^) and g2{Q'^) are taken as Brodsky-Lepage type of 
interpolation formulae, although they are calculated at rather large Q^, the extrapolation to lower 
energy transfer has no solid theoretical foundation. The numerical values of /i(0), /2(0), 5i(0) and 
(72(0) are compatible with the experimental data and theoretical calculations (in magnitude). In 
Ref. [28| ■ the vector form-factors f^^{Q'^) and fxjriQ^) are also taken as Brodsky-Lepage type of 
interpolation formulae, the behaviors of low momentum transfer are rather good in some channels. 



the input parameters, in principle, they can be expanded in terms of Taylor series of 
^ for large-Q^. At large momentum transfer, for example, Q^ = (6 — 16) GeV^, the 
central values of the two form-factors F^(Q^) and F^iCf'^ can be fitted numerically 

as 



Fl{Q 



2^ 



0.285 



Q 



2 



Fim = ^, (11) 

which are comparable with the experimental data [H [21 [3l HI O [6l [7] and theoretical 
estimations, for examples, the light-cone QCD sum rules [121 [131 [IH [U] > perturbative 
QCD [I71IIHl[ISl[2nili]. In Fig.2, we plot the electromagnetic form-factor Q^F^{Q^) 
comparing with the experimental data in Refs. [21 [6l [7] and prediction of the light- 
cone QCD sum rules with the axial- vector current in Ref.[Tl]. For more literatures, 
one can consult Ref. [53]. 

The large-Q^ behavior F^^^Q'^) ~ ^ is expected from the naive power counting 
rules [HH [55l [56] . At large-Q^, the i-th term in the form-factors F^^Q"^) and F!^{Q'^) 
respectively can be expanded as 4i + ^ + ^ + ■ ■ ■ , the terms proportional to 
■^ with n > 2 are canceled out approximately with each other, i.e. ^i?i ~ 0, 
^ Ci ^ 0, ■ ■ ■ . Finally we obtain Y. ^i = 0-285 and E A = 0.554 for the ^^(Q^) 
and F^IQ"^) respectively. Due to partial conservation of the axial-vector current, 
the axial-vector current has no-vanishing coupling with the vr meson, we can choose 
either the axial- vector current or the pseudoscalar current to interpolate the n meson. 
They can lead to different sum rules, in the case of the axial- vector current, the soft 
contributions proportional to -^ manifest themselves at large-Q^ [131 [H], see Fig.2, 
more experimental data are needed to select the pertinent sum rules. 

In the limit of large-Q^, F-j^^Q"^) ~ ^, which is consistent with the prediction 
of perturbative QCD theory, i.e. hard-gluon exchange between the u and d quarks 
dominates over Feynman mechanism. 



4 Conclusion 

In this article, we calculate the electromagnetic form-factor of the vr meson with 
the light-cone QCD sum rules. Our numerical value -F^(O) = 0.999 ± 0.001 is in 
excellent agreement with the experimental data (extrapolated to the limit Q^ ^ 
or the normalization condition F^(0) = 1). For large momentum transfers, the 
values from the two sum rules are all comparable with the experimental data and 
theoretical estimations. 
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The explicit expressions of the correlation functions, 
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+/37r"^^ I dv I dag I dad(p3A(^d,ag,au) — f |M=(l-i;)a9+ad 



1 /.I 



'9 



+4mdfnml I dvv / da^ / d/5 / da—- —3- \i_ya. 



^"^ , <l>{a,(3,l-a-(3) 



io Jo Jo [ml - {q + up)'^]" 

/'"'' , ^(a,a„, I- a- 

I da — ^ 

JO JO JO [ml-iq + upyy 



i^ f^ Z"^""" /""'' ^(a,a„,l - a- a„) 
-Anidf^m^ I dv I dag I dad / da——- — —3— \u={i^v)ag+ai , 



(15) 



where 



$ = A\\ + A^-V^-V\\, 

$ = v4|| + A^ + VI + V|| , 

^ = 2A^- 2V^ - A\\ + V\\ , 

^ = 2Ai+ 2V\ - y4|| - V\\ . 
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The light-cone distribution amphtudes of the tt meson are defined as 

/( TT) T 

2 ^M 



2p-x Jo 

f TTl^ f^ 

ruu + nid Jo 

(0|M(0)(T^,,75(i(a;)|7r(p)) = i{p^Xu - PuXf,)—, — ^^-^ — r/ due '''^'''ipa{u) 

o[mu + Tn^) Jo 

{0\u{0)aap-f5gsGf,^{vx)d{x)\n{p)) = /g^ { {p^PaQ^p - VvVaQ^p) - {Pt^V^gL 

(0|M(0)7^755fsG'Q,^(vz)d(x)|7r(j9)) = p^-^-^ ^-^/^m^ 

p ■ X 

+fnml{ppg^^-p^gp^) 



{Q\u{Q)-if,gsGaii{vx)d{x)\'K{p)) = p^^-^ ^-^f^ml 

p ■ X 



+ f7rml{ppga^-Pagf3t,) 

I)a,yx(a,)e-*P-"("^+""«) , (16) 



where Gap = k^ais^iuG^'^ and Vai = daida2da3d{l — ai — a2 — as). 



12 



The light-cone distribution amphtudes are parameterized as 



6u{l -u)\l + aiC^' {2u - 1) + a2Ci {2u - 1) + a^Ci {2u 
5 



'}• 



27 81 

+ <i -3^/3^3 - -p' - -p'a2 } Cl{2u - 1) , 



<^a{u) = 6u{l - U) <1 + 



V37T{ai) 



1 7282' 

5^3 - 2%^3 - ^P - ^P 0.2 



Cl(2u-V 






360a„ada^ < 1 + A3(a„ - a^) + c^3-(7ag - 3) ^ , 

120a„Q;rfag (t;oo + t^io(3ag - 1)) , 

120Q;„arfQ;gaio(ad - a„) , 

-30a^ {/ioo(l - ttg) + V K(l - ttg) - 6a„aJ 



Biu) 



+h 



10 



a, 



-(1 - "9) - o ("« + "^) 



^±(ai) = 30ag(a„ - a^) <j /iqo + V^g + 77^10(503 - 3) 
A{u) 



, , 16 24 20 

6m(1 - ^) ^ Y^ + ^^2 + 20r73 + y?]4 



+ 



+ 



1 1 



7 



10 



15 16 27^^'^^ 27^^ 



C|(2n-i: 



11 



-02 



:%^3 



Q(2n-r 



— r«2 + 2lriiUJ4, 
5 



210 135 

{2m3(10 - 15m + 6^2) logM + 2^3(10 - 15m + Qv?) log 
+mm(2 + 13mm)} , 

1 + ^2C2^(2m - 1) + giCl{2u - 1) , 



u 



(17) 



13 



where 

h - - ^^ 

iT'OO — Vqo — —— , 

21 9 

21 

o 

A, ^ 3 

7 3 

18 20 

5^2 = 1 + y a2 + 6O773 + — ?74 , 

9 

9a = -^«2-6r73aj3, (18) 

Q (0> Q (0 ) C*! (0 and Q(0 are Gegenbauer polynomials, 773 = -^ "'"J'z"''' and 
p2 = (!!hi±JM)! [30l[3ll[32l[33l[3a[39lll0lliTlll2lll3]. 

Acknowledgments 

This work is supported by National Natural Science Foundation, Grant Number 
10405009, 10775051, and Program for New Century Excellent Talents in University, 
Grant Number NCET-07-0282, and Key Program Foundation of NCEPU. 



References 

[1] C. J. Bebek et al, Phys. Rev. D13 (1976) 25. 

[2] G. T. Adylov et al, Nucl. Phys. B128 (1977) 461. 

[3] C. J. Bebek et al, Phys. Rev. D17 (1978) 1693. 

[4] E. B. Dally et al, Phys. Rev. Lett. 48 (1982) 375. 

[5] S. R. Amendolia et al, Phys. Lett. B146 (1984) 116. 

[6] S. R. Amendolia et al, Nucl. Phys. B277 (1986) 168. 

[7] J. Volmer et al, Phys. Rev. Lett. 86 (2001) 1713. 

[8] V. A. Nesterenko and A. V. Radyushkin, Phys. Lett. B115 (1982) 410. 

[9] B. L. loffe and A. V. Smilga, Phys. Lett. B114 (1982) 353. 

14 



[10] A. P. Bakulev and A. V. Radyushkin, Phys. Lett. B271 (1991) 223. 

[11] A. V. Radyushkin and R. T. Ruskov, Nucl. Phys. B481 (1996) 625. 

[12] V. M. Braun and I. E. Halperin, Phys. Lett. B328 (1994) 457. 

[13] V. M. Braun, A. Khodjamirian and M. Maul, Phys. Rev. D61 (2000) 073004. 

[14] J. Bijnens and A. Khodjamirian, Eur. Phys. J. C26 (2002) 67. 

[15] S. S. Agaev, Phys. Rev. D72 (2005) 074020. 



[16] A. V. Radyushkin, |hep-ph/0410276 



[17] G. P. Lepage and S. J. Brodsky, Phys. Rev. D22 (1980) 2157. 

[18] H. n. Li and G. Sterman, Nucl. Phys. B381 (1992) 129. 

[19] R. Jakob and P. Kroll, Phys. Lett. B315 (1993) 463. 

[20] T. Huang, X.-G. Wu and X.-H. Wu, Phys. Rev. D70 (2004) 053007. 

[21] A. P. Bakulev, K. Passek-Kumericki, W. Schroers and N. G. Stefanis, Phys. 
Rev. D70 (2004) 033014 . 

[22] P. Maris and P. C. Tandy, Phys. Rev. C62 (2000) 055204. 

[23] Z. G. Wang, S. L. Wan and K. L. Wang, Commun. Theor. Phys. 35 (2001) 697. 

[24] P. Maris and P. C. Tandy, Phys. Rev. C65 (2002) 045211. 

[25] Z. G. Wang, S. L. Wan and W. M. Yang, Phys. Rev. D73 (2006) 094011. 

[26] Z. G. Wang, S. L. Wan and W. M. Yang, Eur. Phys. J. C47 (2006) 375. 

[27] Z. G. Wang, J. Phys. G34 (2007) 493. 

[28] Z. G. Wang and S. L. Wan, Eur. Phys. J. C50 (2007) 781. 

[29] Z. G. Wang, J. Phys. G34 (2007) 2183. 

[30] I. I. Bahtsky, V. M. Braun and A. V. Kolesnichenko, Nucl. Phys. B312 (1989) 
509. 

[31] V. L. Chernyak and I. R. Zhitnitsky, Nucl. Phys. B345 (1990) 137. 

[32] V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112 (1984) 173. 

[33] V. M. Braun and I. E. Filyanov, Z. Phys. C44 (1989) 157. 

[34] V. M. Braun and I. E. Filyanov, Z. Phys. C48 (1990) 239. 

15 



[35] V. M. Braun, |hep-ph/980l'222 



[36] P. Colangelo and A. Khodjamirian, hep-ph/0010175 



[37] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147 (1979) 
385, 448. 

[38] L. J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rept. 127 (1985) 1. 

[39] V. M. Belyaev, V. M. Braun, A. Khodjamirian and R. Riickl, Phys. Rev. D51 
(1995) 6177. 

[40] P. Ball, JHEP 9901 (1999) 010. 

[41] P. Ball and R. Zwicky, Phys. Lett. B633 (2006) 289. 

[42] P. Ball and R. Zwicky, JHEP 0602 (2006) 034. 

[43] P. Ball, V. M. Braun and A. Lenz, JHEP 0605 (2006) 004. 

[44] A. Schmedding and O. I. Yakovlev, Phys. Rev. D62 (2000) 116002. 

[45] A. P. Bakulev, S. V. Mikhailov and N. G. Stefanis, Phys. Lett. B508 (2001) 
279. 

[46] A. P. Bakulev, S. V. Mikhailov and N. G. Stefanis, Phys. Rev. D67 (2003) 
074012. 

[47] A. P. Bakulev, S. V. Mikhailov and N. G. Stefanis, Phys. Lett. B578 (2004) 
91. 

[48] A. P. Bakulev and A. V. Pimikov, Acta. Phys. Polon. B37 (2006) 3627. 



[49] A. P. Bakulev, hep-ph/0611139 



[50] J. J. Sakurai, Annals Phys. 11 (1960) 1. 

[51] S. J. Brodsky and G. P. Lepage, Phys. Rev. D24 (1981) 1808. 

[52] J. Gronberg et al, Phys. Rev. D57 (1998) 33; and references therein. 



[53] P. Zweber, hep-ex/0605026; and the references therein. 



[54] S. J. Brodsky and G. R. Farrar, Phys. Rev. Lett. 31 (1973) 1153. 

[55] S. J. Brodsky and G. R. Farrar, Phys. Rev. Dll (1975) 1309. 

[56] D. W. Sivers, S. J. Brodsky and R. Blankenbecler, Phys. Rept. 23 (1976) 1. 



16 



